f 1 / f 2 ) are more difficult to perceive but have also been at frequencies both higher and lower than CF (such as 2f 1 0 f 2 , measured with the use of psychophysical procedures (Zurek 3f 1 0 2f 2 , 2f 2 0 f 1 and 3f 2 0 2f 1 ). For equal-level primaries with frequencies such that 2f 1 0 f 2 equals CF, the magnitude of the and Sachs 1979) . 2f 1 0 f 2 DP grows with primary level at linear or faster rates at
The existence of DPs in the auditory percept implies that low stimulus levels, but it saturates or decreases slightly at higher acoustic signals are subjected to nonlinear processing in the levels. For a fixed level of one of the primary tones, the magnitude auditory system. von Helmholtz (1862) thought that DPs of the 2f 1 0 f 2 DP is a nonmonotonic function of the level of the corresponded to objective tones within the cochlea and posother primary tone. For low intensities of the variable tone, the tulated that they were generated in the middle ear as a conse2f 1 0 f 2 DP grows at a rate of Ç2 dB/dB with f 1 level and 1 dB/ quence of overload at high stimulus intensity. A competing dB with f 2 level. DP magnitudes decrease rapidly with increasing theory stated that there are no cochlear DPs and that their primary frequency ratio (f 2 /f 1 ) at low stimulus levels. For more intense stimuli, DP magnitudes remain constant or decrease slowly pitches arise from temporal periodicities produced by linear over a wide range of frequency ratios until a critical value is combination of the primary tones (for short historical rereached, at which DP magnitudes fall with slopes as steep as 0300 views, see Goldstein and Kiang 1968; Smoorenburg 1972a ). dB/octave. As stimulus level grows, DP phases increasingly lag for More recent psychophysical experiments have shown that large f 2 /f 1 ratios, but exhibit leads for small f 2 /f 1 ratios. Cochlear the 2f 1 0 f 2 distortion component has a relative size nearly exposure to an intense tone that produces large sensitivity losses independent of stimulus level, but highly dependent on stimfor the primary frequencies (but only small losses for tones with ulus-frequency separation (Goldstein 1967) . Because of this frequency equal to 2f 1 0 f 2 ) causes a substantial decrease in magnifrequency dependence, the psychophysical evidence sugtude of the 2f 1 0 f 2 DP. This result demonstrates that the 2f 1 0 f 2 DP originates at the basilar membrane region with CFs correspond-gested that the 2f 1 0 f 2 DP should originate in the mechanics ing to the primary frequencies and propagates to the location with of the cochlea (Goldstein 1967; Smoorenburg 1972b) . Such CF equal to the DP frequency. 2f 1 0 f 2 DPs on the basilar mem-an origin is consistent with the presence of DPs in recordings brane resemble those measured in human psychophysics in most of cochlear microphonics (Gibian and Kim 1982) and rerespects. However, the magnitude of basilar membrane DPs does sponses of auditory nerve fibers (Buunen and Rhode 1978;  not show the nonmonotonic dependence on f 2 /f 1 ratio evident in Goldstein and Kiang 1968; Kim et al. 1980; Siegel et al. DP otoacoustic emissions. 1982), cochlear nucleus neurons (Smoorenburg et al. 1976) , and inner hair cells (Nuttall and Dolan 1990) . Furthermore, experiments showing that neural responses to DPs can be I N T R O D U C T I O N reduced or abolished by hair cell damage at cochlear sites corresponding to the primary frequencies led to the concluWhen listening to pairs of tones, one often hears pitches sion that DPs are generated at these sites and propagate corresponding to frequencies not present in the stimulus.
along the cochlea to the locations tuned to the DP frequenThese two-tone distortion products (DPs, also known as cies (Siegel et al. 1982) . Additional support for the propagacombination tones) were discovered by the Italian violinist tion of DPs in the cochlea came from the discovery of DP and music composer Giuseppe Tartini (circa 1714) (Jones otoacoustic emissions (Kemp 1979; Kim et al. 1980) . Al-1935) and were later extensively studied by psychophysithough early attempts failed to find DP components in basilar cists. They are perceived at frequencies corresponding to membrane (BM) responses to two-tone stimuli (Rhode combinations of the primary frequencies (f 1 and f 2 , f 2 ú f 1 ), such as f 2 0 f 1 , (n / 1)f 1 0 nf 2 and (n / 1)f 2 0 nf 1 1977; Wilson and Johnstone 1973) , the presence of DPs in these responses has recently been demonstrated directly The magnitudes of these DPs decrease systematically as their (Nuttall et al. 1990; Rhode and Cooper 1993; Robles et al. frequencies increasingly differ from CF at rates that, in this 1990 . We report here on the dependence of these case, vary from Ç30 to 130 dB/octave. Two-tone DPs are mechanical DPs on stimulus frequency and intensity and on robust phenomena in the chinchilla, because they were obtheir vulnerability to acoustic trauma. Our results strongly served even in cochleas that had sustained appreciable losses support the idea that 2f 1 0 f 2 DPs arise at the cochlear site in sensitivity and frequency tuning. The failure to find twotuned to the primary stimuli and propagate on the BM to tone DPs in previous measurements of BM responses to twothe site tuned to 2f 1 0 f 2 . A preliminary report on the present tone stimuli (Rhode 1977; Wilson and Johnstone 1973) was findings was presented at the XXIII Annual Meeting of the probably due to severe cochlear damage and/or inadequate Society for Neuroscience (Robles et al. 1993) .
measuring methodology.
In some of the experiments, simple difference (f 2 0 f 1 ), sum (f 2 / f 1 ) and second-harmonic (2f 1 and 2f 2 ) tones were
also present in the BM responses (e.g., Fig. 1 ). Difference Responses to pairs of tones were measured in anesthetized chin-tones were usually weak and were most often detectable, in chillas (pentobarbital sodium; initial dose: 65 mg/kg) at a BM site conjunction with DC shifts and other even-order DPs, in Ç3.5 mm from the base of the cochlea ). The situations of misalignment of the laser beam associated with surgical procedures and the methods used to measure velocity by poor signal-to-noise ratio or when the limits of velocity or means of a laser velocimeter (Dantec, Skovlunde, Denmark) couacceleration of the velocimeter's frequency tracker were expled to a compound microscope were as previously described (Ruggero and Rich 1991a) . BM velocity was determined from the ceeded at the selected sensitivity range. The magnitude of Doppler-frequency shift of laser light reflected from glass mi-even-order DPs often could be reduced drastically by reduccrobeads (10-to 30-mm diam) placed on the BM through a small ing the sensitivity setting of the Doppler-frequency tracker, hole made in the otic capsule of the cochlea at the scala tympani. suggesting that such DPs originated in the velocity measurThe two primary tones, shaped at onset and offset by a half-period ing system, rather than in the cochlea. The 70-dB response of a raised cosine waveform (rise/fall time 1.16 ms) and 25 ms spectrum in Fig. 1 , for example, has higher levels of noise, in duration, were generated by means of a dedicated waveform DC, and f 2 0 f 1 components than the spectra for responses generator and delivered independently through acoustically couto 60-and 80-dB primaries, which were measured with a pled earphones (Beyer DT-48). At the beginning of each experilower sensitivity setting than the 70-dB response. Although ment, calibration tables were generated relating, at each stimulus frequency, the amplitude and phase of the acoustic stimulus to the we by no means rule out a BM origin of even-order DPs magnitude and phase of the electrical signal. A Knowles (1842 or (Kim et al. 1980) , we regard our data as insufficient to 1785) miniature microphone equipped with a probe tube was used support such origin (see also Dolan 1993, 1994) . to measure the sound pressure level within 2 mm of the tympanic The remainder of this report deals only with odd-order DPs membrane. The voltage output of the laser velocimeter was fre-with magnitudes well above those of artifactual DPs introquency filtered with a pass band of 1-15,000 Hz and sampled at duced either in the stimulus or velocimetry systems. Figure 2A shows A silver wire electrode placed on the round window allowed the frequency spectra computed from responses to primary tones recording of the whole nerve action potential to monitor the physio-with closely spaced frequencies such that 2f 1 0 f 2 Å CF logical condition of the cochlea during surgery and data collection. and f 2 /f 1 Å 1.05. The spectra display multiple distortion Distortion levels in the acoustical stimulus, measured in an artificial components at frequencies both higher and lower than CF. cavity, were 70 dB below the level of the primary tones. Those For DP frequencies lower than CF, the magnitudes of the generated in the velocimetry system were usually 50 dB below the components decrease at a mean rate of 73 dB/octave; for magnitudes of the primary tone responses, but higher distortion DP frequencies higher than CF, they decrease at a mean rate levels could be observed when the magnitudes of the velocity or acceleration exceeded the manufacturer's specifications for the of 135 dB/octave. Figure 2B shows spectra of responses to velocimeter's frequency tracker at the selected sensitivity range primary tones with widely spaced frequencies (f 2 /f 1 Å 1.25), (see RESULTS ).
chosen so that 2f 1 0 f 2 Å CF. At the highest stimulus levels, the spectra display peaks at the primary frequencies and, in R E S U L T S stark contrast to Fig. 2A , only one DP, larger than the primary components, at the 2f 1 0 f 2 frequency. At moderate DPs for stimulation with primary tones near the stimulus levels (60 and 70 dB SPL), the primary spectral characteristic frequency components (whose magnitudes decrease almost linearly with stimulus level) disappear in the noise, leaving the When a site of the chinchilla BM is stimulated by two 2f 1 0 f 2 DP (which behaves highly nonlinearly) as the only tones with frequencies near its characteristic frequency (CF, detectable peak in the responses. Both the linear growth of frequency of maximum sensitivity), its responses include the responses to the primary tones and the larger magnitude multiple DPs. Figure 1 displays the spectra of BM responses of the DP component vis-à-vis the responses to the primary to equal-intensity primary tones with frequencies, 7.6 and tones are consistent with the notion that DPs are not gener-8.4 kHz, closely flanking CF (8 kHz). In addition to the ated locally. Rather, DPs most likely originate at a more peaks at the primary frequencies, f 1 and f 2 , the spectra conbasal site in the cochlea (where the responses to the primary tain prominent distortion components at frequencies around CF, such as 2f 1 0 f 2 , 3f 1 0 2f 2 , 2f 2 0 f 1 , and 3f 2 0 2f 1 . tones behave nonlinearly and are larger than at the recording FIG . 1. Spectra of basilar membrane (BM) responses to pairs of tones with frequencies near characteristic frequency (CF). The equal-level primary tones, presented at 60-80 dB SPL (re 20 mPa), had f 1 Å 7.6 and f 2 Å 8.4 kHz, closely flanking CF (8 kHz). Spectral peaks corresponding to distortion products (DPs) at 2f 1 0 f 2 and 2f 2 0 f 1 are indicated. In this and the following figures the levels for equal-level primary tones indicate those of each of the primaries. FIG . 2. Effect of frequency spacing on the spectrum of BM responses to tone pairs (f 1 , f 2 , chosen so that 2f 1 0 f 2 Å CF). A: spectra of BM responses to pairs of tones with closely spaced frequencies near CF (f 2 /f 1 Å 1.05). The equal-level primary tones had f 1 Å 7.89 and f 2 Å 8.28 kHz, such that 2f 1 0 f 2 Å CF (7.5 kHz), and were presented at 30-80 dB SPL. B: spectra of BM responses to pairs of tones with widely spaced frequencies, such that f 2 /f 1 Å 1.25 and 2f 1 0 f 2 Å CF (10 kHz), presented at 60-100 dB SPL. primary tones. The curves without symbols indicate DP magsite) and propagate to the BM recording location (see also nitudes for tone pairs with frequency ratios of 1.05-1.4 discussion of Fig. 11 ).
(parameter). In response to low-level stimuli (30-40 dB SPL), the magnitude of the 2f 1 0 f 2 DP grows with primary Magnitude of the 2f 1 0 f 2 DP as a function of stimulus level at a mean rate of Ç1.3 dB/dB. At higher stimulus level levels, DP magnitude saturates or even decreases slightly (e.g., at levels ¢60 dB SPL). The data of Fig. 3 are represenMost of the experiments were conducted with the use of tative of those from several other cochleas in exhibiting a stimulus paradigm that maintained a specific DP (2f 1 0 linear or faster-than-linear DP growth rates at low stimulus f 2 , most commonly, or 2f 2 0 f 1 ) at a fixed frequency (usually levels and saturation at high stimulus levels. CF). Figure 3A shows the growth of the 2f 1 0 f 2 DP, meaFor comparison with the DP curves, Fig. 3A depicts the sured with the use of this paradigm at a BM site with velocity-level function for a single tone at the DP frequency (curve with circles). For each value of DP magnitude, a DP CF Å 9 kHz, as a function of the intensity of equal-level
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A: growth of the 2f 1 0 f 2 DP as a function of the level of equal-level primary tones. Curves without circles: DP magnitudes for several values of primary frequency ratio f 2 /f 1 . Curve with circles: input-output function for a single tone at the DP frequency (2f 1 0 f 2 Å CF). In this and the following figures, arrows indicate velocity values that were in the noise. The baseline noise was computed as the mean of the spectral magnitudes at frequencies around (but not coinciding with) the DP frequency. B: DP equivalent levels in dB relative to primary tone SPL, as a function of stimulus level. DP relative distortion levels correspond to the horizontal separation (in dB) between the DP curves and the single-tone curve in A. Thick dashed line: upper bound of cubic-order acoustic distortion in the stimulus, as measured in an artificial cavity.
''equivalent level'' was computed as the level of a single relative equivalent distortion levels were as large as 020 dB (10%) at low stimulus intensities and 034 dB (2%) at the tone at the DP frequency required to elicit a response of the same magnitude as the DP produced by the two-tone stimu-highest stimulus intensities. In other cochleas (not shown), relative equivalent DP levels were as high as 016 dB (15%) lus. The DP equivalent levels may be expressed in relation to the stimulus SPL by measuring the horizontal distances at low stimulus levels.
For a fixed f 2 tone level, the amplitude of the 2f 1 0 f 2 DP from the DP curves to the single-tone curve in Fig. 3A . These ''relative equivalent'' levels, plotted in Fig. 3B as a varies nonmonotonically with the f 1 tone level. Figure 4 displays curves of DP magnitude as a function of f 1 tone function of stimulus level, are counterparts of the psychophysical relative distortion data (e.g., Goldstein 1967) . Rela-level measured in three cochleas, for f 2 tones at fixed levels (40-80 dB SPL) and primary frequencies at ratios of 1.1 tive equivalent DP magnitudes decreased moderately with increasing stimulus level. For frequency ratios of 1.05-1.2, and 1.2. For low f 1 tone levels, DP-magnitude grows at a rate of Ç2 dB/dB (---). The DP magnitude in response relative equivalent DP magnitude decreased by only 16-26 dB as primary level increased by 50 dB. In this cochlea, to equal-level primaries is marked in each curve (q, , ᭡).
J432-6 / 9k11$$my04
08-08-97 12:36:57 neupa LP-Neurophys Figure 5 presents curves of DP magnitude as a function of f 2 tone level measured in the same cochlea represented in Fig. 4A . The stimuli were tone pairs with fixed f 1 levels of 70 and 80 dB SPL and frequency ratios of 1.1 ( ) and 1.2 (---). At low stimulus levels, DP amplitude grows as a function of f 2 level at rates that approximate 1 dB/dB (--), in contrast with the 2-dB/dB DP rate of growth with f 1 level (Fig. 4) . The maximum relative distortion amounts to 024 dB for the f 1 tone fixed at 70 dB SPL and f 2 /f 1 Å 1.1.
Magnitude of the 2f 1 0 f 2 and 2f 2 0 f 1 DPs as a function of the frequency separation between the primary tones In general, for fixed 2f 1 0 f 2 (ÅCF), DP magnitude decreases with increasing frequency ratio (f 2 /f 1 ) of equal-level primary tones (Fig. 6) . For low primary levels, DP magnitudes decrease rapidly with increasing primary frequency ratio; for more intense stimuli, DP magnitudes decrease slowly or not at all at small frequency ratios and rapidly at higher ratios. For large frequency separations, the curves have slopes as steep as 0300 dB/octave (---). Figure 7 shows DP magnitude as a function of f 2 /f 1 , for several stimulus levels, in another cochlea. These data closely resemble those of Fig. 6 . Orderly and monotonic behavior of DP magnitude with primary tone frequency separation and level was demonstrated in two other cochleas (not shown) with the use of frequency ratios as low as 1.025. Decreases in DP magnitude for frequency ratios approaching 1, such as reported in the case of DP otoacoustic emissions (Harris et al. 1989; Probst et al. 1991) , were never observed on the BM.
Data on the dependence of the 2f 2 0 f 1 DP on primary frequency ratio (f 2 /f 1 ) were obtained in two cochleas (Fig.  8) . The behavior of the 2f 2 0 f 1 DP resembles that of the 2f 1 0 f 2 DP in that, for low primary levels, DP magnitudes decrease rapidly with increasing frequency ratio, whereas, for more intense stimuli, DP magnitudes decrease slowly at small ratios and more rapidly at higher ratios (compare Fig.  8 with Figs. 6 and 7) . However, the magnitude of the 2f 2 0 f 1 DP appears to decrease at a lower rate with increasing f 2 /f 1 than that of the 2f 1 0 f 2 DP.
Frequency tuning of 2f 1 0 f 2 DPs
The frequency tuning for 2f 1 0 f 2 DPs was measured in two cochleas by systematically varying the frequencies of pairs of tones while maintaining fixed stimulus intensities curves for the 2f 1 0 f 2 DP resemble those for responses to single tones Ruggero et al. 1997) , implying that BM DPs are frequency filtered much as single With a single exception (f 2 at 80 dB SPL, A), the DP curves have their maxima at f 1 levels 5-10 dB higher than the f 2 tones. The peak-response frequencies appropriately match the CFs (9 kHz in A, 8 kHz in B) and the high-frequency levels, with the largest differences in level occurring consistently at the lowest f 2 levels. Equivalent distortion levels slopes are steeper than the low-frequency slopes. Also in agreement with responses to single tones, responses at DP computed from the DP values in Fig. 4 (not shown) are also nonmonotonic functions of the f 1 level, and reach maxima frequencies lower than CF grow at a faster rate than responses at CF and higher frequencies. As a result, the tuning of 025, 028, and 021 dB relative to the level of the f 1 tone (f 2 at 60, 50, and 50 dB SPL, respectively, in A-C). These curves in both cochleas are more broadly tuned at higher primary levels than at lower levels and their centers of gravpeak values decrease systematically with f 2 level for f 2 levels ú50 dB SPL. ity shift toward lower frequencies with increasing SPL.
J432-6 / 9k11$$my04 08-08-97 12:36:57 neupa LP-Neurophys The magnitudes of the numerous DPs present in responses cies about half an octave above the exposure frequency (Davis et al. 1950; Hood 1950) . Corresponding reductions for primaries with closely spaced frequencies (see Fig. 2A ) must be partially determined by the frequency tuning at the in sensitivity have been measured in responses of auditory 3.5-mm BM site. However, DP magnitudes in those re-nerve fibers (e.g., Johnstone 1980, 1981;  Lonssponses decrease with increasing frequency distance from bury-Martin and Meikle 1978), hair cells (Cody and Russell CF at rates somewhat higher than expected solely on the 1988), and the BM (Cooper and Rhode 1992; Patuzzi et al. basis of the filter characteristics measured for single tones. 1984; Ruggero et al. 1993 Ruggero et al. , 1996 Sellick et al. 1982) . We This suggests that, at the site of DP origin, DP magnitudes used acoustic overstimulation in three cochleas to try to decrease with increasing DP order (e.g., the 3f 1 0 2f 2 level ascertain the place at which DPs are generated. In each is lower than the 2f 1 0 f 2 level). cochlea we first measured the amplitudes of the 2f 1 0 f 2 and 2f 2 0 f 1 DPs as a function of stimulus intensity, with the use of primary frequencies f 1a , f 2a , f 1b , and f 2b such that Phases of the 2f 1 0 f 2 DPs 2f 1a 0 f 2a Å 2f 2b 0 f 1b Å CF (9 kHz), and f 2a /f 1a Å f 2b /f 1b Å Phases of the 2f 1 0 f 2 DP varied systematically with stimu-1.25. As a control of response sensitivity at the CF, we also lus level and primary frequency ratio. The phases of the obtained the input-output function for 9-kHz single tones. responses represented in Figs. 3A and 7 are plotted in Fig. The chinchilla ear was then exposed to an intense tone pre-10 as a function of the level of equal-level primaries at sented for 4-4.5 min and the measurements of the inputvarious frequency ratios. The curves have been normalized output functions for the DPs and the 9-kHz single tone were to the phase measured at the lowest level for each frequency repeated. Figure 11 displays results obtained in one of these ratio. As stimulus level grows, DP phases increasingly lag experiments. The frequency of the intense tone (10.6 kHz, for large primary frequency ratios, but lead for small f 2 /f 1 . 100 dB SPL, 4.5 min in duration) was chosen to lie above The trends for DP phases depicted in Fig. 10 are representa-CF, so that a sensitivity loss should occur selectively at BM tive of measurements in three other cochleas.
sites with CFs corresponding to the frequencies of the (2f 1a 0 f 2a ) DP primary tones (f 1a Å 12 kHz, f 2a Å 15 kHz).
Frequency-selective effects of acoustic overstimulation on
After the exposure, there was a strong decrease of 2f 1a 0 the 2f 1 0 f 2 and 2f 2 0 f 1 DPs f 2a DP magnitudes (), contrasting with small decreases of 2f 2b 0 f 1b DP magnitudes (᭡) and of responses to single Exposure of the mammalian ear to intense tones produces elevations of hearing thresholds that are largest at frequen-CF tones (l). The small effect of overstimulation on re-J432-6 / 9k11$$my04 08-08-97 12:36:57 neupa LP-Neurophys FIG . 6. Magnitude of the 2f 1 0 f 2 DP as a function of primary frequency ratio f 2 /f 1 for various primary levels and 2f 1 0 f 2 Å CF. ---, slope of 0300 dB/octave. sponses to the 2f 2b 0 f 1b DP probably reflects the slightly in guinea pig inner hair cells (027 dB) (Nuttall and Dolan 1990) . DP relative levels at the chinchilla BM are also comdiminished sensitivity for 9-kHz (CF) single tones, rather than an effect of overstimulation on responses to f 1b and f 2b , parable with values measured in psychophysical experiments. With the use of cancellation methods, DPs perceived i.e., the primary tones for the 2f 2b 0 f 1b DP. In the absence of substantial effects of overstimulation on responses to CF by humans have been estimated to reach relative distortion levels as high as 015 dB (Goldstein 1967) . Estimates obtones, the sensitivity loss for the 2f 1a 0 f 2a DP must reflect correspondingly large losses at the BM sites of its primary tained with the use of other psychophysical methods, in which the probe tone is presented nonsimultaneously with frequencies (i.e., f 1a and f 2a ). These results support the notion the stimulus tones (f 1 , f 2 ) have been Ç6-7 dB lower than that 2f 1 0 f 2 DPs originate at the sites of their primary the cancellation levels (Smoorenburg 1972b ). frequencies and propagate to the sites with CFs equal to
The highest levels of BM distortion were obtained at the 2f 1 0 f 2 . Similar contrasting effects of acoustic overstimulalowest stimulus levels. For increasing primary levels, there tion on 2f 1 0 f 2 DPs, on the one hand, and on equal-frewas a decrease in relative equivalent DP magnitude at a rate quency 2f 2 0 f 1 DPs, on the other, were demonstrated in of Ç0.2-0.45 dB/dB. A decrease in relative equivalent DP two other cochleas.
level with primary level can also be deduced from BM and inner hair cell data for guinea pig ( cally measured DPs in humans (Goldstein 1967; Hall 1972 ) The present results demonstrate that odd-order DPs are in that their relative magnitudes (Fig. 3B) decrease little major components of the response of the chinchilla BM to over wide ranges of stimulus intensity. Psychophysical DPs two-tone stimuli and that they are present even in responses in humans decrease at a rate of Ç0.2 dB/dB over stimulusto fairly low-level stimuli (e.g., 30 dB SPL; Figs. 2 A, 3, 6 , level ranges of 40-50 dB (Goldstein 1967) . The decrease and 7). For the 2f 1 0 f 2 DP, equivalent levels were as high of cochlear DPs with increasing stimulus intensity contrasts as 016 dB relative to the level of the primaries. These DP with the sharp increase in magnitude with primary intensity magnitudes at the chinchilla BM are comparable with (or displayed by DPs generated in most other nonlinear systems. somewhat larger than) DP magnitudes measured at the BMs For a fixed level of one of the primary tones, the magniof guinea pigs (030 dB re primary levels) (Nuttall et al. tude of the 2f 1 0 f 2 BM DP is a nonmonotonic function of the level of the other primary tone (Figs. 4 and 5 ). Nonmo-(1990) and cat (020 dB notonic curves of DP magnitude were first measured psycho-depends on the level of the primaries. For low-level primary tones, DP magnitudes decline at low frequency ratios; for physically (Goldstein 1967; Zwicker 1981) and have also been described for the cat BM (Rhode and Cooper 1993), primaries at higher levels, DP magnitudes change little at low frequency ratios but very rapidly at higher ratios. The guinea pig inner hair cells (Nuttall and Dolan 1990) , and otoacoustic emissions (Probst et al. 1991) . The data from behavior of DP magnitude as a function of stimulus level and frequency ratio is consistent with the variation of BM the chinchilla BM are remarkably similar to psychophysical measurements in humans in that, for low intensities, the frequency tuning as a function of stimulus level (Rhode 1971; ; Ruggero and Rich 1991a; Ruggero 2f 1 0 f 2 DP grows at a rate of Ç2 dB/dB with varying f 1 intensity (and fixed f 2 level) and 1 dB/dB with varying et al. , 1997 Sellick et al. 1982) . It is instructive to compare Figs. 6 and 7 with families of BM isointensity f 2 intensity (and fixed f 1 level). Such rates of growth are appropriate for a DP generated by a cubic term in a power curves for single tones (e.g., Fig. 3 in Ruggero and Rich 1991a) . At low stimulus levels, responses to single tones law nonlinearity. The rates of growth at the cat BM (Rhode and Cooper 1993) are similar to those in chinchilla. How-are sharply tuned and, therefore, the interaction between responses to the primary tones is confined to a narrow freever, the corresponding growth rates for guinea pig inner hair cell receptor potentials (Nuttall and Dolan 1990) are quency range. As a result, the DP magnitude decays rapidly with increasing primary frequency ratio. At high stimulus somewhat lower than those found at the BM. This difference may be due to artifacts involved in high-frequency re-levels, responses to single tones are broadly tuned: they have shallow slopes at frequencies lower than CF but they retain cordings in which microelectrodes were used (Nuttall and Dolan 1990).
a steep high-frequency slope. Thus the magnitude of interaction between two intense tones should remain invariant or decrease only slightly over a wide frequency range. Accord-DP magnitude as a function of primary frequency ratio ingly, DP magnitudes remain relatively constant or gradually The frequency dependence of DP magnitude observed in decrease over a wide range of primary frequency ratios until psychophysical studies was the first evidence suggesting that a critical (level-dependent) frequency ratio is reached, DPs originate in a nonlinearity located at the BM or a struc-whereon DP magnitude falls at steep rates. ture closely coupled to it (Goldstein 1967; Smoorenburg The behavior of DP magnitudes as a function of frequency 1972b). In the chinchilla BM, as in psychophysical measure-separation between the primary tones at the BM very much ments, DP magnitude decreases monotonically with increas-resembles that observed in psychophysical experiments but ing frequency ratio of the primaries (Figs. 6 and 7) . The f 2 / differs from the nonmonotonic behavior of DP otoacoustic emissions (Probst et al. 1991 ). The highest rates of decrease f 1 ratio at which DP magnitude starts to decline rapidly J432-6 / 9k11$$my04 08-08-97 12:36:57 neupa LP-Neurophys of DP magnitude with increasing f 2 /f 1 ratio at the chinchilla for similar frequency ratios and level increases in psychophysical studies (Fig. 12 in Goldstein 1967 ) and in re-BM (e.g., 0300 dB/octave) are comparable with those found in psychophysical measurements (Goldstein 1967) . cordings from inner hair cells (Fig. 8 in Nuttall and Dolan 1990) and from cochlear nucleus neurons (Fig. 9 in GreenFurther, families of curves illustrating the variation of DP magnitude with frequency ratio and primary tone level are wood et al. 1976). However, whereas the variation of DP phase with stimulus level is greater at high levels than at strikingly similar at the BM and in psychophysical studies (compare our Figs. 6 and 7 with Figs. 5, 8, and 15 in Zwicker low levels at the BM and in inner hair cells, the reverse is true in psychophysical and cochlear nucleus studies. 1981).
The dependence of DP phase shift on primary frequency ratio (Fig. 10) is a novel finding that may explain, at least DP phases as a function of primary level and frequency in part, the apparent discrepancy between psychophysical ratio and some physiological studies that found a dependence of The dependence of the phases of 2f 1 0 f 2 DPs on primary DP phase on stimulus level, and certain physiological inveslevels is a controversial issue. A change of DP phase with tigations that have sought but failed to find such dependence. stimulus level has been demonstrated in psychoacoustical In particular, the conclusion by Buunen and Rhode (1978) studies (Goldstein 1967; Hall 1972; Smoorenburg 1972b) , that there is no effect of stimulus intensity on DP phase was in some neurons of the anteroventral cochlear nucleus of the based on an analysis of auditory nerve fiber responses that cat (Greenwood et al. 1976) , and in inner hair cells of disregarded the possible effect of primary frequency ratio, the guinea pig (Nuttall and Dolan 1990) . In contrast, other which in that study ranged from 1.05 to 1.4 (see Fig. 9 recordings from neurons of the anteroventral cochlear nu-in Buunen and Rhode 1978) . Interestingly, those authors cleus of the cat (Smoorenburg et al. 1976) and from auditory entertained the possibility that frequency ratio might have nerve fibers of the cat (Buunen and Rhode 1978;  Goldstein an effect in DP phase and acknowledged that in some cases and Kiang 1968) have not found systematic level-dependent phase shifts of opposite polarity were observed at small and phase changes. In the chinchilla BM, DP responses exhibit large frequency ratios. phase lags with increasing stimulus level for large frequency ratios but display small phase leads for small frequency ra-Place of origin of BM DPs tios (Fig. 10) . BM phase shifts for stimulus frequency ratios of 1.2-1.3 and primary level increments of 30 dB amount When the stimulus tones had widely spaced frequencies (and 2f 1 0 f 2 Å CF), responses to the primaries were small to Ç2-4Њ/dB and compare well with phase shifts obtained J432-6 / 9k11$$my04 08-08-97 12:36:57 neupa LP-Neurophys FIG . 9. Frequency-tuning curves for the 2f 1 0 f 2 DP measured in 2 cochleas at 2 primary levels and at fixed frequency ratios of 1.1 (A) and 1.15 (B).
and grew nearly linearly, whereas the 2f 1 0 f 2 responses sensitivity losses) (Ruggero et al. , 1996 but had only small effects on responses to single tones with frequency were relatively larger and grew compressively (Fig. 2B) . This contrasting behavior suggests that DPs are not gener-equal to 2f 1 0 f 2 and on the 2f 2 0 f 1 DP (whose primary frequencies correspond to the CFs of more apical sites, which ated at the recording site but rather arise at more basal locations and propagate toward the 2f 1 0 f 2 site. Further, the should have been unaffected by overstimulation). These differential effects constitute strong evidence that 2f 1 0 f 2 DPs frequency tuning characteristics of 2f 1 0 f 2 DPs (Fig. 9 ) are similar to those of single tones, as predicted for DPs that originate at the BM region with CFs corresponding to their primary frequencies and propagate to the locations with CFs are filtered at the site of measurement subsequent to their origin elsewhere in the cochlea.
equal to 2f 1 0 f 2 . This inference, however, should be tempered by the possibility that 2f 1 0 f 2 DPs are inherently more Acoustic overstimulation with the use of a tone with frequency higher than CF (Fig. 11 ) produced a marked de-vulnerable to acoustic overstimulation than 2f 2 0 f 1 DPs or responses to single tones. crease of the 2f 1 0 f 2 DP (whose primary frequencies equal the CFs of cochlear sites that must have sustained large
The frequency-selective effects of acoustic overstimula-J432-6 / 9k11$$my04 08-08-97 12:36:57 neupa LP-Neurophys tion on the BM response to pairs of tones are consistent (Boltzmann function). Similarly, the motile responses of isolated outer hair cells to pairs of electrical sinusoids inwith the seminal discovery that perceived 2f 1 0 f 2 DPs are abolished or reduced in human subjects with threshold eleva-clude robust DPs (Hu et al. 1994) . However, because of the low magnitude of hair cell receptor potentials, the mechations restricted either to the DP frequency or its primary frequencies (Sachs and Wightman 1974; Smoorenburg noelectrical transduction process is likely to be the dominant source of distortion components in the mechanical response 1972b). The BM effects are also consistent with, and account for, the finding that 2f 1 0 f 2 DPs in auditory nerve of outer hair cells in vivo (Santos-Sacchi 1993; see also Patuzzi et al. 1989 ). fiber responses are abolished (or temporarily reduced) after cochlear exposures that produce permanent damage (or temIn vitro measurements of hair cells from the bullfrog's sacculus (Howard and Hudspeth 1988) and mouse cochlea porary sensitivity loss) at the sites of the primary frequencies (Siegel et al. 1982) . The vulnerability of DP generation to (Russell et al. 1992 ) reveal nonlinear stiffness in hair bundles at small displacements from their resting position. When acoustic overstimulation suggests that DPs first arise in the organ of Corti. The structures most likely to generate DPs displaced by a pair of sinusoids, hair bundles of individual hair cells from the bullfrog's sacculus produce DP force are the outer hair cells, which are probably responsible, through a mechanical feedback, for the nonlinear behavior, components that may result from the nonlinear stiffness (Jaramillo et al. 1993) . DPs generated by this nonlinearity could as well as the sharp frequency tuning and high sensitivity, of BM responses (Dallos 1992; Davis 1983 ; Murugasu and account in part for those measured in vivo at the BM only if the hair bundle stiffness amounts to an important fraction Russell 1996; Ruggero and Rich 1991b) .
Mechanoelectrical transduction at stereocilia (Hudspeth of the total stiffness of the cochlear partition. and Corey 1977; Russell et al. 1986) and electromechanical transduction at the basolateral membrane (Brownell et al. Relation between perceived, BM, and otoacoustic 1985; Santos-Sacchi 1992) of outer hair cells are substan-emission DPs tially nonlinear processes that, under two-tone stimulation, could both give rise to DPs. Under whole cell voltage-clamp Most of the characteristics of the 2f 1 0 f 2 DPs in the motion of the chinchilla BM resemble those observed in conditions, isolated outer hair cells produce motile responses to electrical sinusoids that contain harmonic distortion (San-human psychophysics. BM and psychophysical data differ principally in one respect: BM 2f 1 0 f 2 DPs do not show the tos-Sacchi 1993). Such distortion is consistent with the nonlinearity of the electromechanical transduction characteristic sharp notches measured under certain stimulus conditions in J432-6 / 9k11$$my04 08-08-97 12:36:57 neupa LP-Neurophys FIG . 11. Frequency-selective reduction of 2f 1 0 f 2 DP magnitude after exposure of the ear to an intense tone. Solid symbols and continuous lines: preexposure data. ᭺, ᭝, ᮀ, ---: postexposure data. , amplitudes of the 2f 1a 0 f 2a DP [2f 1a 0 f 2a Å 9 kHz (CF), f 1a Å 12 kHz, f 2a Å 15 kHz]. ᭡, magnitudes of the 2f 2b 0 f 1b DP (2f 2b 0 f 1b Å 9 kHz, f 1b Å 6 kHz, f 2b Å 7.5 kHz). l, input-output functions for a single tone at the DP frequency (9 kHz). ---, linear growth. psychophysical input-output curves (Hall 1975 ; Smooren-levels and also at higher levels, provided that the model includes sufficient frequency selectivity. burg 1972b; Weber and Mellert 1975) and commonly found in input-output functions for DP otoacoustic emissions
The relationship between DP otoacoustic emissions and BM DPs is more complex than that between perceived and (Brown 1987; Zwicker and Harris 1990) . Apart from this difference, the similarity across species may imply that DPs BM DPs. Psychophysical and BM measurements of 2f 1 0 f 2 DPs differ from DP otoacoustic emissions in at least two are generated in the cochlear partition of most mammals by similar nonlinear mechanisms and that the psychophysical respects: 1) the former give no indication of the ''broadly tuned band-pass filter'' that apparently shapes DP otoacousqualities of perceived DPs are mainly determined by the BM responses at the cochlear sites corresponding to their CFs. tic emissions (Brown et al. 1992; Harris et al. 1989) and 2) the former decrease in amplitude at a faster rate with increasIndeed, the similarity between the characteristics of perceived DPs, regardless of methodology (i.e., simultaneous ing frequency ratio, f 2 /f 1 , than DP otoacoustic emissions (Harris et al. 1989) . Further, psychoacoustical and ear canal cancellation and nonsimultaneous pulsation threshold), and those measured at the BM may be taken as additional evi-measurements of 2f 1 0 f 2 DPs in the same subjects have shown that cancellation of a perceived DP does not eliminate dence for the propagation of DPs on the BM. Presumably, propagation from the BM site of the primaries (CF à f 1 or the corresponding DP otoacoustic emission (Furst et al. 1988; Zwicker and Harris 1990) . Thus although perceived f 2 ) and subsequent filtering at the site with CF Å 2f 1 0 f 2 attenuates interactions between the cancellation tone and the 2f 1 0 f 2 DPs may reflect, more or less directly, local BM vibrations at the cochlear site with CF equal to 2f 1 0 f 2 , DP primary tones (which would otherwise yield large differences between simultaneous and nonsimultaneous esti-otoacoustic emissions probably comprise a more complex mixture of spatially distributed components, perhaps includmates). In fact, psychophysical studies have shown that the difference between 2f 1 0 f 2 level estimates obtained with the ing contributions of cochlear structures other than the BM.
The latter would be consistent with the existence of DP use of simultaneous and nonsimultaneous methods decreases with increasing frequency ratio of the primaries (Fig. 12 in otoacoustic emissions in nonmammalian vertebrates that lack a BM (Manley et al. 1993; Rosowski et al. 1984 ). Smoorenburg 1972b . Similarly, modeling of BM data (Fig.  17) (corresponding text in Goldstein 1995) predicts DP levels that differ systematically for simultaneous and nonsimul-
